Objective: The purpose of this study was to determine the effects of chronic left atrial volume overload on atrial anatomy, hemodynamics, and electrophysiology using a titratable left ventriculoatrial shunt in a canine model. Methods: Canines (n ¼ 16) underwent implantation of a shunt between the left ventricle and the left atrium. Sham animals (n ¼ 8) underwent a median sternotomy without a shunt. Atrial activation times and effective refractory periods were determined using 250-bipolar epicardial electrodes. Biatrial pressures, systemic pressures, left atrial and left ventricle diameters and volumes, atrial fibrillation inducibility, and durations were recorded at the initial and at 6-month terminal study.
Results: Baseline shunt fraction was 46% AE 8%. The left atrial pressure increased from 9.7 AE 3.5 mm Hg to 13.8 AE 4 mm Hg (P<.001). At the terminal study, the left atrial diameter increased from a baseline of 2.9 AE 0.05 cm to 4.1 AE 0.6 cm (P<.001) and left ventricular ejection fraction decreased from 64% AE 1.5% to 54% AE 2.7% (P < .001). Induced atrial fibrillation duration (median, range) was 95 seconds (0-7200) compared with 0 seconds (0-40) in the sham group (P ¼ .02). The total activation time was longer in the shunt group compared with the sham group (72 AE 11 ms vs 62 AE 3 ms, P ¼ .003). The right atrial and not left atrial effective refractory periods were shorter in the shunt compared with the sham group (right atrial effective refractory period: 156 AE 11 ms vs 141 AE 11 ms, P ¼ .005; left atrial effective refractory period: 142 AE 23 ms vs 133 AE 11 ms, P ¼ .35).
Conclusions: This canine model of mitral regurgitation reproduced the mechanical and electrical remodeling seen in clinical mitral regurgitation. Left atrial size increased, with a corresponding decrease in left ventricle systolic function, and an increased atrial activation times, lower effective refractory periods, and increased atrial fibrillation inducibility. This model provides a means to understand the remodeling by which mitral regurgitation causes atrial fibrillation. (J Thorac Cardiovasc Surg 2018;156:1871-9)
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Central Message
AF occurs in up to 30% of patients with MR who are referred for surgery. This model provides a means to extrapolate the dynamic proarrhythmic remodeling by which MR causes AF.
Perspective
This animal study will help surgeons to extrapolate the time course of mechanical and electrical remodeling, which may inform the timing of surgical intervention for AF and MR. Better understanding of the pathogenesis of AF in MR will improve surgeons' knowledge and inform future clinical investigation and intervention on this topic.
See Editorial Commentary page 1880.
See Editorial page 1869.
Mitral regurgitation (MR) is the most common valvular disease in the United States with a prevalence of 2 to 2.5 million, and the incidence is expected to double by the year 2030. 1 Atrial fibrillation (AF) has been found to be present in up to 30% of patients presenting for mitral valve (MV) repair or replacement, and it has a significant negative impact on late survival. 2 Patients with MV disease form the largest group of patients in virtually all surgical series of AF ablation. 3 However, there have been few experimental studies defining the mechanisms and substrates responsible for AF in this population. A better understanding of both the electrophysiologic mechanisms of AF in patients with MV disease and the underlying electrical and anatomic remodeling responsible for this arrhythmia is essential in the development of a more rational surgical ablation strategy to restore normal sinus rhythm in this group of patients. The lack of adequate and reversible experimental model of chronic MR has hampered progress in the mechanistic understanding of AF in these patients. This knowledge gap has resulted in great controversy on the appropriate surgical ablation strategy in these patients, with surgeons advocating for pulmonary vein (PV) isolation alone, left atrial (LA), or biatrial lesion sets. 4 The most complete lesion set is the Cox-Maze procedure involving a complex set of biatrial ablation lines. 5 Unfortunately, even this lesion set fails to eliminate AF in 30% or more of patients at late follow-up. 6 Two models have been developed to study pathophysiology of MR and to test potential medical and surgical treatments. However, they have all had significant shortcomings. [7] [8] [9] [10] A canine chordae cut model has been the most widely studied. 7, [10] [11] [12] [13] This procedure can be done via a surgical (ie, an open chest) or percutaneous approach (ie, closed chest). In the open chest approach, a Cope biopsy needle was inserted into the PV in an attempt to rupture the chordae. In the closed chest or transarterial approach, under fluoroscopic or transesophageal echocardiography (TEE) guidance, a biopsy forceps catheter was placed in the left ventricle (LV) by means of an introducer inserted into the carotid artery to cut or damage the MV chordae and thus produce MR. The procedure can be repeated to increase the severity of MR. 12 The disadvantage of this model is that it produced an uncontrollable amount of MR that could not be reversed. Another large animal model that has been described is a left ventriculoatrial shunt. This model was introduced by Braunwald and colleagues 14 and further refined by Rankin and colleagues. 9 Braunwald and colleagues studied the acute hemodynamic effects of MR, and Rankin and colleagues investigated the effect of chronic MR and shunt occlusion on LV function. Atrial physiology was not investigated in these studies. Unfortunately, this model has not been used over the last several decades because of its technical difficulty and problems with graft patency.
The aim of the present study was to develop a chronic canine model of MR, using a modified ventriculoatrial shunt in which the degree of regurgitation can be precisely controlled, and use this to characterize the structural, electrical, and mechanical remodeling of the atria.
MATERIALS AND METHODS Shunt Design
The first challenge was to create a shunt that could simulate severe MR and would remain chronically patent. After a number of iterations, a novel shunt design was developed that was composed of 3 components (Figures 1  and 2 ).
1 A 2.5-cm-long straight tip of a plastic venous cannula, with a 10-mm outer diameter, was used to cannulate the LV apex. 2 A composite graft was developed that consisted of a 10-mm bovine collagenimpregnated knitted polyester (MAQUET, Rastatt, Germany) joined to 3 an 8-mm reinforced polytetrafluoroethylene (PTFE) graft (WL Gore and Associates, Inc, Newark, Del) connected by a continuous running of CV-6, TTc-9-PTFE suture (WL Gore and Associates, Inc), with needle holes filled with Epoxy glue. The composite graft was made with the reinforced PTFE to provide kink and compression resistance. Because the ultrasonic flow probe does not record flow through PTFE grafts, a section of the polyester graft was used on the atrial end. To avoid thromboembolism, the inner side of the plastic cannula was lined with the end of reinforced PTFE graft inserted through the lumen of the plastic 
Surgical Technique
The study protocol was approved by the Washington University School of Medicine Animal Studies Committee. All animals involved in this study received humane care in compliance with the 2011 Guide for the Care and Used of Laboratory Animals prepared by the National Academy of Science and published by National Institutes of Health. A total of 24 mongrel canines weighing 23 to 29.5 kg were used in this study. Dogs were intubated and mechanically ventilated. Anesthesia was maintained using 1% to 3% inhaled isoflurane. Monitoring included a limb-lead electrocardiogram and pulse oximetry. An esophageal temperature probe and heating pad were used to keep the temperature greater than 37.5 C. Through a subinguinal incision, the femoral artery and vein were used for cannulation to monitor arterial and central venous pressure, respectively. A 7F catheter was inserted through a femoral venous sheath to the level of right atrium (RA) to monitor central venous pressure. Dogs received normal saline for the maintenance fluid. Arterial blood gas was drawn every 30 minutes to determine oxygen tension, acid-base balance, and electrolyte levels that were normalized as needed. Activated clotting time (ACT) was also checked every 30 minutes. Phenylephrine was initiated for systolic blood pressure less than 70 mm Hg and aggressively weaned.
Implantation of the Shunt
After the dogs were anesthetized, a median sternotomy was performed and pericardium was opened. A 16-to 20-mm flow probe was connected to a TS420 Perivascular Flow module (Transonic, Ithaca, NY) and placed around the ascending aorta to determine cardiac output. Before shunt implantation, 150 U/kg of heparin was given intravenously, with an ACT goal of greater than 350 seconds. After full heparinization, shunt dogs (n ¼ 16) underwent implantation of a ventriculoatrial shunt between the LV apex and left atrial appendage (LAA). Throughout the procedure, ACT was maintained at or more than 350 seconds. Two double pledgeted 3-0 polypropylene sutures were placed at the LV apex. The plastic cannula end of the shunt was inserted into the LV apex using a Seldinger technique. The tip of the LAA was amputated, resulting in a 1.5-to 2-cm opening. The end of the polyester graft was sutured to the LAA using a continuous running 5-0 polypropylene suture. The graft was de-aired using a 24-gauge needle. A 12-mm flow probe, calibrated to shunt size and material, was placed around the shunt to determine shunt flow. An inflatable saline occlusion band was fixed at the collapsible portion of the graft (Figure 2 , A). Shunt flow was titrated to a shunt fraction of 40% to 50% of cardiac output using a saline occlusion balloon. The port attached to the band was tunneled and secured in a subcutaneous pocket on the back of the dog. The pericardium was reapproximated, and a chest tube was placed for drainage and left for 2 to 3 days. Details of operative procedure are described in Video 1. Sham dogs (n ¼ 8) underwent a ''sham procedure,'' consisting of a purse-string suture at the LV apex and amputation of the LAA without the implantation of the shunt. All dogs received pain medication and antibiotics. Shunt dogs received 5 mg/kg of aspirin daily for the duration of the study. Dogs were followed for up to 6 months.
Transesophageal Echocardiography
TEE (M-Turbo with a TEE38-3 MHz probe Sonosite, Bothell, Wash) was used to monitor LA diameter and volume, LV ejection fraction, and shunt patency at baseline and monthly. Atrial volumes and diameters were measured in accordance with the 2015 American Society of Echocardiography's guidelines for chamber quantification and using Simpson's rule. 15 LA diameter was recorded as distance between the posterior LA wall and MV annulus (Figure 3 ). Both volumes and diameters were measured at the end ventricular systole, just before MV opening. Shunt patency was examined by color Doppler signal visualization (Figure 3, C) . LV volumes were measured at the end systole and diastole to determine LV ejection fraction. 
Electrophysiology Study
To record electrograms from the atria, 3 silastic form-fitting templates with a total of 250-bipolar electrodes were secured to the atrial epicardium. The intraelectrode distance was 5 mm. Data were recorded during normal sinus rhythm, atrial pacing, and any induced arrhythmias at a gain of 500 with a frequency response of 50 to 1000 Hz and was digitized at 2000 Hz. ERPs were determined at 6 epicardial sites (4 LA, 2 RA) using extrastimulus technique, with 8 S1s at a basic cycle length of 300 ms, followed by an S2 decremented by 5 ms until loss of capture. Induction of AF was done by burst pacing from site of lowest ERP, at a paced cycled length 10 ms shorter than the lowest ERP. This was repeated 4 times. AF greater than 30 seconds was considered sustained. The sum of all 4 attempts was used as the total duration of AF. Activation times were determined by the maximum amplitude of the bipolar electrograms. From the activation maps, total activation time was determined. Conduction heterogeneity was calculated as the distance-normalized maximum phase difference between each point and its neighbors. 
Histology
At the end of each study, the heart was removed and atrial biopsies were taken from both the RA and LA appendages, all 4 PVs, the posterior inferior LA, the posterior RA free wall, and the anterior superior LA. The specimens were fixed in 10% formalin for 24 to 48 hours, stored in 70% ethanol, embedded in paraffin, and stained with Masson's trichrome. Bright-field microscopy was performed at 403 magnification. Fibrosis was quantified by comparing the number of red and blue pixels in each image 17 (% fibrosis ¼ number of blue pixels/number of red and blue pixels).
Statistical Analysis
A power analysis was done to calculate sample size using G*power 3.1.9.2. (Appendix). Continuous variables were expressed as the mean AE standard deviation. Non-normally distributed data, as determined from the Shapiro-Wilks test, were expressed as median and range. Categoric variables were expressed as frequencies and percentages with outcomes compared using the Fisher exact test. A 1-way analysis of variance was used to compare the sham versus shunt groups (Table 1) , and a repeated-measures analysis of variance was done to compare control versus 6-month data ( Table 2) . Mann-Whitney U test was used for data not normally distributed (AF duration). All data analyses were performed using SYSTAT 13 software (SYSTAT Software, Inc, Chicago, Ill).
RESULTS
During the initial development of the shunt, 2 animals were studied for 2 months to assess the shunt design. Two other animals had strokes and did not have terminal studies; 1 had a kink in the shunt, and 1 had a flaw in the construction of the shunt. Both had thrombus formations that resulted in the strokes. One other dog was euthanized at 5 months because of gastrointestinal and systemic infection. These 5 animals were excluded from the data analysis. A total of 11 shunts and 8 shams were included in final data analysis.
Hemodynamic Results
At 6 months, the final shunt design showed no signs of a clot and was covered with a smooth endothelial layer (Figure 2, right) . At baseline, there were no differences between the sham and shunt groups in any of the hemodynamic or electrophysiologic variables (Tables 1  and 2 ). Shunt fraction was 46% AE 8% at baseline and 34% AE 10% at terminal study. In the shunt group at 6 months, maximum LA pressure increased from 10 AE 3.5 mm Hg to 14 AE 4 mm Hg (P ¼ .004). Maximum RA pressure was also increased at 6 months in the shunt group (4.9 AE 1.7 mm Hg vs 6.8 AE 1.7 mm Hg, P ¼ .009). In contrast, RA and LA pressures were unchanged in the sham group. At 6 months, the LA diameters and LA volumes increased to 141% and 168% of control, respectively ( Figure 4 , P < .001). LV ejection fraction decreased from a baseline of 65% AE 2% to 54% AE 3% (P < .001) (Figure 4 ). There were no differences in the animals' weight between groups preoperatively (P ¼ .93) or postoperatively (P ¼ .60) ( Tables 1 and 2 ).
Electrophysiologic Results
At 6 months, induced total AF duration (median, range) was 95 seconds (0-7200) in the shunt group compared with 0 seconds (0-40) in the sham group (P ¼ .02). In the shunt dogs, 62% had at least 1 episode of AF of 4 attempts lasting 30 seconds or longer, whereas there were no sustained episodes of AF in the sham group. Total atrial activation time was longer in the shunt group than in the sham group (72 AE 11 ms vs 62 AE 3 ms, P ¼ .003) at 6 months ( Figure 5 ). The inhomogeneity of conduction in the shunt animals was greater in the RA (1.8 AE 0.7 vs 2.9 AE 0.9, P ¼ .003) and the LA (1.6 AE 0.6 vs 2.2 AE 0.7, P ¼ .04) when compared with the sham animals. The average right atrial effective refractory periods (RAERPs), but not the left atrial effective refractory periods (LAERPs), were shorter in the shunt group compared with the sham group (RAERP: 141 AE 11 ms vs 156 AE 11 ms, P ¼ .005; LAERP: 133 AE 11 ms vs 142 AE 23 ms, P ¼ .35). This was due to increase in the ERP in the sham group at 6 months, with no change in the shunt group. Duration of AF was highly correlated with LA volume (r ¼ 0.83, P < .001) and diameter (P ¼ .70, P ¼ .001). No other variables (Tables 1 and 2 ) correlated with duration of induced AF.
Histologic Results
Atrial fibrosis was increased in the shunt compared with the sham animals. Tissue for fibrosis analysis was sampled at 9 different sites in the atrium (Figures 6 and 7) . Overall, the shunt groups had a higher percentage of fibrosis (shunt: 5.8% AE 1.2% vs sham: 4.8% AE 0.6%, P ¼ .014). Percent fibrosis at the left inferior PV regions was significantly higher in the shunt group (shunt: shunt 11.4% AE 6.6% vs sham: 6.6% AE 2.1%, P ¼ .035), whereas fibrosis in other regions was equivalent (eg, left anterior LA: sham: 3.3% AE 1.6% vs shunt: 2.9% AE 0.8%, P ¼ .8). Although the overall magnitude amount of fibrosis was not very different between the sham and shunt groups, there was a broader range and inhomogeneity in fibrosis in the LA in the shunt group, ranging from 1.3% to 11.4% in different areas of the LA (range 10.1%), whereas the sham group only ranged from 2.7% to 6.6% (range 3.9%).
DISCUSSION
This novel shunt model of LA volume overload replicated the clinical phenotype of MR, showing similar structural and functional changes in the LA and LV as observed in humans, as well as an increased vulnerability to induced AF. Like the chordae cut model, none of the animals had spontaneous AF. 12, 13, 18 The time course for development of LA enlargement was different from previously published animal studies using the chordae cut model, which showed a rapid increase in LA size, which plateaued at 2 to 3 months. This shunt model demonstrated a gradual increase over time, with the LA continuing to enlarge up to 6 months, which more faithfully replicates the clinical situation. A major difference in the shunt model was that there was also a decrease in LV ejection fraction and an increase in LV end-systolic volume and LV end-diastolic volume similar to that seen in humans. In the chordae cut model, ventricular dysfunction was not observed. 12, 13 Unlike the chordae cut model, this study allowed for precise control of the degree of volume overload The placement of the occluder around the shunt not only allowed for the shunt fraction to be titrated to a set amount but also enabled complete closure, simulating MR repair. In this model, the AF inducibility was significantly increased. The atrial conduction times were also modestly prolonged, consistent with small but significant increase in the amount of fibrosis. Previous animal studies have also shown modest changes in conduction with MR. 13, 18, 19 In this chronic shunt model, total activation time of the atrium increased by approximately 10% over 6 months. In the acute study, using the same shunt model, Lawrance and colleagues 20 demonstrated almost exactly the same amount of increase in total activation time. In the present study, conduction was more heterogeneous in the shunt compared with the sham group in both the LA and the RA (P ¼ .04 and P ¼ .003, respectively). The heterogeneity increased in the LA (P ¼ .02) from control conditions but did not increase in the sham (P ¼ .91). In a dog study in which Verheule and colleagues 21 optically mapped the isolated atria, increased heterogeneity was also observed in the conduction in MR dogs compared with normal atria with premature beats. Roberts-Thomson and colleagues 22 also showed that patients with MR had slower and more inhomogeneous conduction in the posterior LA compared with patients undergoing coronary artery bypass grafting.
Tang and colleagues 13 and Verheule and colleagues 21 reported an increase in the ERPs; however, in the present study there were no differences from baseline to 6 months in the RA or LA ERPs (P ¼ .92 and P ¼ .30, respectively) in the shunt group. When the canine atria were isolated, Verheule and colleagues 21 also reported no changes in action potential duration in the MR group. In the sham group, the ERP increased in both the LA and RA due to an unknown etiology. The combined effect of the MR and the sternotomy may have had an offsetting effect. The present study does not differentiate between the 2 effects. The net effect of this increase was that the shunt dogs had a significantly lower RAERP than the sham group (P ¼ .003). In the study by Roberts-Thomson and colleagues 22 comparing patients with MR with coronary artery bypass grafting, LAERP was longer when paced at 600 ms, but showed no difference when paced at 400 ms.
Normal levels of fibrosis in the LA of the dog are 1% to 2%. 13 In both the sham and shunt groups, the LA and RA were higher than these levels. The higher level of fibrosis in the sham groups suggests that the thoracotomy increased the fibrosis and is consistent with the presence of adhesions at the terminal procedure. The shunt group had a modestly higher and more inhomogeneous levels of fibrosis but was lower from 10% to 16% fibrosis reported by Tang and colleagues. 13 In the shunt study, low-dose aspirin was used to prevent clotting in the shunt. Recent studies have shown that aspirin inhibits the formation of fibrosis. 23 It is possible that the aspirin moderated the magnitude of fibrosis formation in the shunt animals.
None of the electrophysiologic or hemodynamic parameters (Tables 1 and 2 ) correlated with the total time of induced AF, but there was a high correlation with the LA volume (r ¼ 0.83, P ¼ .002) and left atrial diameter (P ¼ .70, P ¼ .001). The moderate change in conduction time and the lack of change in ERPs suggested that the dominant factor in inducibility of AF is the increased atrial size. By increasing the LA size, the animals were more likely to attain the critical mass of tissue required to support AF. 24, 25 Verheule and colleagues 12 also showed that the duration of AF was dependent on the degree of LA dilation.
Study Limitations
Like all other models, no spontaneous AF occurred in any animals. This is due in part because young healthy dogs are used in the study, and these dogs typically do not have spontaneous premature atrial beats. 26 Another limitation is the model required a sternotomy, which has effects on some of the hemodynamic and electrophysiologic parameters (Tables 1 and 2 ), as well as the degree of induced fibrosis in the sham animals. The sham procedure did not affect the inducibility of AF or the overall remodeling of the atria and ventricles (Figure 4) . Finally, although there were only modest changes in conduction, the resolution of these electrodes was only 5 mm and data were only recorded from the epicardium. Recent studies have suggested that changes in conduction are only observed at the submillimeter level. 27 It is possible that small bundles of atrial myocardium, isolated by interstitial fibrosis, could have caused a unidirectional conduction block or delay facilitating AF. This would not be detectable with the electrode resolution used in the present study. Finally, multiple end points in this study were necessary to characterize the model, but this does increase the risk of type 1 error. The risk is minimized for many of the main characteristics of the model, like atrial size and LV ejection fraction, which had highly significant P values.
CONCLUSIONS
This novel model of LA volume overload simulated the hemodynamic and electrophysiologic changes seen in MR including significantly increased LA volume and size, increased atrial pressure, and decreased LV ejection fraction. This model increases the vulnerability of the atria to AF by increasing LA size, inhomogeneous conduction, and fibrosis. This model allows for titratable and reversible shunt fraction, which is equivalent to the surgical repair of MV in patients with MR. Future studies using this model are planned to determine the time course of the development of the substrates for AF and its reversibility. The model will also be used to determine the distribution and amount of fibrosis caused by MR using delayed enhanced MRI and compare it with that observed in patients.
